Introduction
The most popular method for cloning foreign DNA is still via propagation in vectors-predominantly plasmids-using biological hosts such as Escherichia coli, followed by their isolation. However, these methods have limitations, because many sequences are difficult to clone using any combination of available hosts or vectors. For example, retroviral long-terminal repeats are not maintained stably in host cells (1) , and large constructs, such as genetargeting vectors to produce knockout mice, frequently show low transformation efficiencies (2) .
PCR is a common method used in the cell-free cloning of DNA molecules. However, PCR is not suitable to amplify highly repetitious or large sequences. For these reasons, a new cell-free enzymatic system for cloning difficult DNA sequences has long been desired. Recently, Hutchison and colleagues reported a novel cell-free cloning method using multiply-primed rolling circle amplification (MPRCA), which can amplify individual DNA molecules using submicroliter reaction volumes (3) . This method provides one way to overcome the problems of foreign DNA cloning via host cells, because MPRCA, which is based on rolling circle amplification (RCA), has little limitation in terms of the amplification length or sequence (3) (4) (5) (6) . MPRCA has also been applied to the amplification for circular DNA directly from ligation reactions, including cDNA libraries (5, 7) .
MPRCA was developed using bacteriophage φ29 DNA polymerase and protected random DNA primers as a method to amplify circular DNA molecules (8) . Bacteriophage φ29 DNA polymerase has exceptional processing, high proofreading, and efficient strand displacement activities (9) (10) (11) ; thus, the amplified product is useful for many downstream analyses (4, 5, 7, 8, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The crucial point of this method is the use of random DNA primers; thereby, this method can amplify the target DNA without prior sequence information, such as in the amplification of a novel circular DNA virus (14, 15) . However, the use of random DNA primers contributes to a critical problem with MPRCA. When MPRCA is used to amplify minute quantities of DNA template, downstream analyses are limited because most of the resulting molecules are by-products generated from undesired primer-directed DNA synthesis (22, 23) . These by-products are also found in negative control samples without adding template DNA (22) . Therefore, it is necessary to judge the success or failure of the amplification by other analyses such as restriction enzyme digestion, sequencing, or PCR amplification of specific regions (3, 18, (24) (25) (26) . Although optimized reaction conditions, including modified primers, have been reported to reduce the levels of by-products (22) (23) (24) 27) , these modified methods were almost completely ineffective in increasing the yield of desired DNA product via long reaction periods (24, 27) .
Cell-free cloning using multiply-primed rolling circle amplification with modified RNA primers
The predominant method for DNA cloning is by propagation in biological hosts, but this method has limitations because certain sequences are difficult to clone using any combination of available hosts or vectors. Recently, multiplyprimed rolling circle amplification (MPRCA) has been applied to overcome the problems of the DNA cloning via host cells. However, when MPRCA is used to amplify from minute quantities of DNA template, the products are mostly by-product DNA molecules generated by false priming and primer dimer formation. This study demonstrates that MPRCA using random RNA primers-instead of DNA primers-blocked the synthesis of by-products and succeeded in amplifying one copy of a circular DNA molecule more than 10 12 -fold to give microgram quantities of amplification product without using submicroliter reaction volumes. Furthermore, a ligation strategy was elaborated to circularize only the desired DNA sequence and eliminate undesired ligation-products. A combination of these methods was able to amplify and ligate a large construct without undesired DNA sequences and at microgram quantities within one day. Therefore, these methods have the possibility to improve DNA cloning techniques that have been restricted by the limitations of PCR methods or by the host cell.
Here, we report that random RNA primers can block the synthesis of by-products derived from primers in the MPRCA reaction. Bacteriophage φ29 DNA polymerase can use RNA as a primer for DNA synthesis (28) , but cannot use RNA as a template because φ29 DNA polymerase is a DNA-dependent DNA polymerase (29) . We found that RNA-primed MPRCA blocked the synthesis of by-products derived from the primers and could amplify one molecule of circular DNA without using the submicroliter reaction volumes employed by Hutchison et al. (3) . Because general ligation strategies circularize not only the desired DNA products but also undesired-products derived from self ligation (21), we also developed a ligation strategy to apply our amplification method in cell-free cloning of a ligated construct.
Materials and methods
Solutions, mixtures, plasticware, and DNA To avoid contamination from the laboratory environment (24, 30) , solutions supplied by the manufacturers were used as much as possible in this study. UltraPURE distilled water (dDW) and 1 M Tris-HCl (pH 7.5) were purchased from Invitrogen (Carlsbad, CA, USA), and 0.5 M EDTA was from NipponGene (Tokyo, Japan). Similarly, the plasticware used had already been sterilized by the supplier: aerosol resistant filter tips were purchased from Molecular BioProducts (San Diego, CA, USA), and Biopur microcentrifuge tubes and PCR-grade 0.2-mL tubes were from Eppendorf (Hamburg, Germany). Purified pUC19 was purchased from Takara Bio (Otsu, Shiga, Japan); λ phage DNA was from TOYOBO (Osaka, Japan); and 1-kb DNA ladder marker was from New England BioLabs (Ipswich, MA, USA). Other solutions and reaction mixtures were prepared using a dedicated set of pipets (Finnpipette Focus; Thermo Fisher Scientific, Vantaa, Finland) in a dedicated clean bench after cleaning using RNase AWAY (Molecular Bioproducts, San Diego, CA, USA).
Oligonucleotides
Protected random DNA primers (6D2S, Table 1 ) were purchased from Hokkaido System Science (Sapporo, Japan). All RNA oligo-ribonucleotides, including modified RNA residues (Table 1) , were purchased from Tsukuba Oligo Service (Tsukuba, Ibaraki, Japan). All random oligomers were dissolved with TE buffer (10 mM Tris-HCl pH7.5, 0.1 mM EDTA) in the dedicated clean bench as described above.
Control plasmid preparation
The copy number of commercial pUC19 (0.5 µg/µL, Takara Bio) was calculated from its molecular weight. Control plasmid DNA solutions were prepared by serial dilution of pUC19 using TE buffer. The control solutions were prepared in a dedicated clean bench, though different than the one used to prepare MPRCA reagent to avoid the contamination to MPRCA reagents (30) .
MPRCA reaction
The MPRCA reaction was performed based on the original procedure as described by Dean et al. (8) . , and 0.002 U of inorganic pyrophosphatase (Roche Diagnostics, Penzberg, Germany). The reaction was performed for 16 h at 30°C followed by incubation for 10 min at 65°C to inactivate the enzyme. To reduce the high viscosity of the amplification products, they were transferred to 1.5-mL centrifuge tubes and mixed with 180 µL dDW by pipetting followed by vortex mixing.
Restriction fragment analysis of MPRCA products Twenty-five microliters of diluted products (12.5% of the original reaction product) were digested with 20 units of EcoRI (Takara Bio) for 1 h at 37°C in a 50-µL volume. Then, 10 µL of each digested sample (2.5% of the original reaction product) were analyzed by electrophoresis using an agarose gel (1.0%, Tris-Acetate-EDTA buffer) and visualized by staining with ethidium bromide.
Cell-free cloning Preparation of DNA fragments. Ten micrograms of λ DNA were digested with 50 U of EcoRI for 1 h at 37°C. After ethanol precipitation, this digested DNA was dephosphorylated using 40 U calf intestinal alkaline phosphatase (CIAP) (Takara Bio) for 1 h at 37°C. After phenol/ chloroform extraction to remove CIAP, the dephosphorylated DNA was digested Table 1 ). The amplification products were digested with EcoRI and analyzed by agarose gel electrophoresis (2.5% of the original reaction product). The numbers above each lane indicate the input copy numbers of pUC19, calculated on the basis of dilution factors from a stock of known concentration (Takara Bio). M, 1-kb DNA ladder marker (New England Biolabs); N, no input DNA; SP, 100 ng supercoiled-form pUC19 (Takara Bio); LP, 100 ng linear-form pUC19 digested with EcoRI. Arrows indicate the 2.7-kb linear-form pUC19, and arrowheads indicate by-product from primers. (B) Agarose gel electrophoresis analyses of amplified products using DNA or RNA primers. Electrophoresis was performed after EcoRI digestion (2.5% of the original reaction product). The type of primer [DNA (6D2S; see Table 1 ) or RNA (6RN; see Table 1 )] used in the MPRCA is indicated at the top. M, 1-kb DNA ladder marker (New England Biolabs); SP, 100 ng supercoiled-form pUC19 (Takara Bio); LP, 100 ng linear-form pUC19 digested; (+), input 10 4 copies of pUC19; (-), no input DNA. Arrows indicate the 2.7-kb linear-form pUC19, and arrowheads indicate by-product from primers. These amplification reactions were repeated three times.
A B with 40 U of BamHI (Takara Bio) for 1 h at 37°C. Then, the λ DNA fragment (15.7 kb) was purified by agarose gel electrophoresis followed by extraction using a Wizard Gel and PCR purification system (Promega, Madison, WI, USA). Next, 5 μg pUC19 were cleaved with 40 U BamHI for 1 h at 37°C. The linear form of pUC19 was purified by agarose gel electrophoresis as described above. This purified linear pUC19 was dephosphorylated with CIAP for 1 h at 37°C. After phenol/chloroform extraction, the dephosphorylated pUC19 was digested with 50 U EcoRI for 1 h at 37°C. Then, the BamHI/EcoRI doubledigested pUC19 was purified by agarose gel electrophoresis as described above. The concentration of the purified DNA was determined using a Quant-iT dsDNA HS assay kit (Invitrogen) and Qubit fluorometer (Invitrogen). Ligation reaction and exonuclease treatment. Ligation reactions were performed in a 10-µL volume for 30 min at 16°C at a concentration of 1 × 10 8 copies/µL λ DNA fragment and 1 × 10 8 copies/µL pUC19 in T4 DNA ligase buffer with 200 U T4 DNA ligase (New England Biolabs) followed by incubation for 10 min at 65°C to inactivate the enzyme. The reaction without T4 DNA ligase contained an equivalent volume of dDW. The ligated samples were diluted with 90 µL dDW. Exonucleases were used to degrade linear but not circularized DNA to avoiding undesired DNA amplification. Two microliters of the diluted samples were treated with 10 U RecBCD exonuclease (Epicenter Biotechnologies) and 10 U exonuclease I (New England Biolabs) in a 20-µL volume of RecBCD buffer with 1 mM ATP for 4 h at 37°C followed by incubation for 20 min at 80°C to inactivate the enzymes. The reactions without exonuclease contained Figure 2 . Gel analysis of MPRCA using modified RNA primers. (A) Agarose gel electrophoresis analysis of amplified DNA using several modified RNA primers. Electrophoresis was performed after EcoRI digestion (2.5% of the original reaction product). The type of modified primers (see Table  1 ) used in MPRCA is indicated at the top. (+), input 10 4 copies of pUC19; (-), no input DNA; M, 1-kb DNA ladder marker (New England Biolabs); SP, 100 ng supercoiled-form pUC19 (Takara Bio); LP, 100 ng linear-form pUC19 digested with EcoRI. Arrows indicate the 2.7-kb linear-form pUC19, and arrowheads indicate by-product from primers. (B) Template titration assays of MPRCA using thiophosphate-linkage RNA primers (6R5S). Electrophoresis was performed after EcoRI digestion (2.5% of the original reaction product). The numbers above each lane indicate the input copy numbers of pUC19, which are the same as in Figure 1A . M, 1-kb DNA ladder marker (New England Biolabs); N, no input DNA; SP, 100 ng supercoiled-form pUC19 (Takara Bio); LP, 100 ng linear-form pUC19. Arrows indicate the 2.7-kb linear-form pUC19. These amplification reactions were repeated three times.
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Cultivated from our targeted subscriber base of life science professionals, our lists give you the best chance of delivering your brand and offer to this market. Research Reports an equivalent volume of dDW. To verify the exonuclease treatment, a mixture of λ DNA and pUC19 was used as a control for removing linear DNA while leaving circular DNA. The exonuclease-treated samples were diluted with 180 µL dDW.
Amplif ication of the desired products. Two microliters of the diluted exonuclease-treated samples were used for the amplification reaction. The amplifications were performed in a 20-µL volume containing 10 µM 6R5S primer, 35 mM Tris-HCl (pH 7.5), 50 mM KCl, 14 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 4 mM DTT, 40 U RepliPHI Phi29 DNA polymerase, and 0.002 U inorganic pyrophosphatase for 16 h at 30°C followed by incubation for 10 min at 65°C to inactivate the enzyme. The reactions without target DNA contained equivalent volumes of dDW. To reduce the high viscosity of the amplification products, they were diluted with 180 µL dDW and mixed as described above.
Restriction fragment analyses of amplification products from the ligated construct. Twenty-five microliters of diluted amplification product from cell-free cloning were digested with 20 U EcoRI, BamHI and EcoRI (double-digested), or EcoRV (Takara Bio) for 3 h at 37°C in a total volume of 50 µL. The digested samples were desalted using Microspin S400 HR columns (GE Healthcare, Little Chalfont, UK). Then, a 20-µL aliquot of each desalted sample (5% of the original reaction product) was analyzed by electrophoresis using an agarose gel (0.8%, Tris-acetate-EDTA buffer) and visualized by staining with ethidium bromide.
Results
Use of a random RNA primer In principle, only the desired DNA sequence is amplified by MPRCA without by-products-even if the reaction is started from minute quantities of template DNA-because MPRCA is based on rolling circle replication or amplification (11, 29, 31, 32) . However, with decreasing copy numbers of the template DNA sequences in the reaction, by-products can emerge. In the case where the template DNA is a plasmid, by-products can be detected easily using restriction endonuclease cleavage at the multiple-cloning site (3) because the by-products-especially those derived from random DNA primers (6D2S , Table 1 )-generally have no predictable restriction endonuclease sites. Consistent with this, we found that nearly all the by-products migrated at >20 kbp in agarose gel electrophoresis ( Figure 1A) . By contrast, the MPRCA product from a circular template is a hyperbranched, multiple tandem concatemer and mostly double-stranded DNA (dsDNA) (5, 8) . Thus, EcoRI digestion of the amplification products from pUC19 produced an obvious band corresponding to the linear form of pUC19 (about 2.7 kb, Figure  1A ). To block by-product synthesis derived from self-annealed primers, random RNA primers (6RN, Table 1) were employed in the MPRCA reaction. Bacteriophage φ29 DNA polymerase can use RNA as a primer for DNA synthesis (28) , but it cannot use RNA as a template (29) . There was little or no difference in the amplification products between the 6D2S and 6RN primers when the template was added to the reaction ( Figure 1B) . On the other hand, by-products were almost completely absent when 6RN primers were used in the absence of DNA template ( Figure 1B) .
Effect of modification of the RNA primer in the MPRCA reaction Because RNA is susceptible to degradation by RNases and the RNase activity of φ29 DNA polymerase (33, 34) , it was considered necessary to modify the RNA primer using 2′-O-methyl RNA residues or Research Reports thiophosphate linkages for greater stability during the long reaction period. However, these modifications may have unexpected influences on DNA synthesis in MPRCA; therefore, we next examined RNA-primed MPRCA reactions using RNA primers with several types of modification (Table  1) . It was found that DNA synthesis was inhibited when using 2′-O-methyl RNA residues (6mN, 5m1R, and 4m2R; Table  1 and Figure 2A ). On the other hand, when thiophosphate-linkage RNA primers (6R5S , Table 1 ) were used, no inhibitory influences on DNA synthesis were observed and by-products were eliminated (Figure 2A) . Moreover, EcoRI cleavage of the amplification products from one copy of pUC19 (~3 attograms) displayed a clear pUC19 linear-form band without the need to reduce the reaction volume ( Figure 2B ) and yielded about 4 µg amplified product in a 20-µL reaction volume, which was estimated by comparison with the control DNA (pUC19). The results show that MPRCA using thiophosphate-linkage RNA primers (6R5S) can amplify a single copy of a circular DNA molecule more than 10 12 -fold to give microgram quantities of amplification product without by-product. Importantly, this does not require the use of submicroliter reaction volumes, which were used in the method of Hutchison et al. (3) .
Amplification of a ligated large construct Next, it was tested whether MPRCA using 6R5S primers could amplify large, ligated constructs. However, general ligation strategies circularize not only the desired product but also undesired self-ligated products. Thus, we needed to develop a strategy to circularize only the desired DNA constructs and to eliminate the undesired ligation products ( Figure  3 ). To prevent circularization of the undesired ligation products, each DNA fragment is dephosphorylated at the opposite restriction enzyme site ( Figure  3A ). When these DNA fragments are incubated with T4 DNA ligase, the desired ligated product will be in the open circular form (one strand completely circularized and the other strand with two nicked sites; Figure 3B ). In contrast, undesired ligation products that have self-ligated would be linear ( Figure 3B) ; however, these linear ligation products often have nicks that result from the ligation of three or more fragments ( Figure 3B ). These nicks could serve as starting sites for DNA synthesis by φ29 DNA polymerase, producing undesired DNA amplification; therefore, these linear DNA molecules were eliminated by exonuclease treatment while leaving circular DNA molecules ( Figure  3C ). Finally, circular DNA is replicated from the nicked sites using the 3′ termini of nicks as first primers and amplified using MPRCA with 6R5S primers (Figure 3D) . To measure the efficiency of the removal of linear DNA by exonuclease treatment, a control DNA mixture including linear λ DNA and circular pUC19 DNA was used ( Figure 3E; Lanes 1, 2, and 3) . We found that exonuclease treatment eliminated almost all of the linear λ DNA while leaving the circular pUC19 DNA ( Figure  3E ; Lane 4).
As a model experiment, we ligated a BamHI/EcoRI fragment of λ DNA (15.7 kbp) inserted into pUC19, and used the ligation products as an amplification template. The amplified products of cell-free cloning were checked for the amplification of the desired DNA sequence by restriction enzyme fragment-length analyses using agarose gel electrophoresis ( Figure 4A ). The EcoRV fragment (6.7 kb) that would be expected to be generated from the desired target DNA was detected in the ligated sample but not in an unligated sample or the negative controls ( Figure  4B) . Furthermore, by comparison with the amount of control DNA (λ 15.6 kb), the yield of amplification product was about 4 µg in a 20-µL reaction volume run for 1 day. This yield should be enough to perform most downstream applications. In contrast, undesired DNA fragments were detected in the amplification reaction performed without exonuclease treatment ( Figure 4C ). Therefore, exonuclease treatment was an essential step for cell-free cloning to avoid undesired DNA amplification. The results demonstrate that the present ligation procedures combined with MPRCA using RNA primers could be suitable for cell-free cloning because the method suppresses undesired DNA amplification.
Discussion
Until now, RNA primers have not been favored for use in DNA amplification methods. In particular, the use of DNA primers in PCR has been an essential requirement for the following reasons: (i) the synthetic efficiency of RNA oligonucleotides is much lower than that of DNA oligonucleotides, which results in a high synthesis price for the RNA oligonucleotides compared with those for DNA oligonucleotides; (ii) Taq polymerase, the most popular polymerase for PCR, shows low efficiency when using RNA as a primer (35); and (iii) most importantly, 
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for DNA synthesis of the antisense strand, the primer region is indispensable for PCR amplification so that primers can anneal to newly synthesized templates (35, 36) . None of these limitations precludes the use of RNA in MPRCA. This study demonstrates by-product-free DNA amplification from one copy of a circular DNA template using an RNA primer (6R5S; Figure 2A ). Moreover, MPRCA using 6R5S primer did not require submicroliter reaction volumes to amplify one copy of circular DNA ( Figure 2B) ; therefore, MPRCA using 6R5S primer could be performed in standard reaction volumes and the sensitivity of the 6R5S primer is higher than that of a DNA primer (6D2S) in the MPRCA reaction. On the other hand, the specificity of the 6R5S primer would be expected to be equal to that of the 6D2S primer because both primers have random sequences. These findings suggest that the versatility of the 6R5S primer could be comparable to that of the 6D2S primer in the MPRCA reaction.
After the submission of this manuscript, we became aware of a patent describing the use of RNA primers to suppress nonspecific RCA background (37) . However, there are two differences between the patent and the present paper. First, the patent has been developed for the detection of single-strand circular probes such as a padlock-probe (11, 38) ; thus, the patent requires RNA primers with long, specific sequences to detect a specific probe. In contrast, the present study used random RNA primers with short sequences to expand the versatility of MPRCA. Second, differences in the length of the RNA primers affect the reaction temperatures used in these two methods. Because accurate annealing of a long, specific RNA primer requires a high temperature, the patented method needs Bst DNA polymerase (large fragment), which works optimally at 65°C. In contrast, random hexamers are unsuitable for reactions at 65°C, and the φ29 DNA polymerase-directed reaction is performed at 30°C. In addition, the fidelity of Bst DNA polymerase is lower than that of φ29 DNA polymerase, because Bst DNA polymerase lacks 3′-5′ exonuclease activity (39) . Thus, these differences indicate that combined use of specific RNA primers and Bst DNA polymerase is not suitable for the MPRCA reaction, especially not for cell-free cloning.
In this study, it was demonstrated that cell-free cloning of a ligated, large construct is one of the potential applications of RNA-primed MPRCA. This amplification method can amplify minute quantities of circular DNA: even if only a few copies of ligated circular products are available (due to low ligation efficiency, for example), this method could allow amplification of the desired DNA sequence. Furthermore, provided the number of DNA fragments is the same as the number of kinds of restriction enzyme used, this ligation strategy does not have any limit on the number of DNA fragments that can be used. The amplified DNA product may be suitable to use for the transformation of mammalian cells because the product DNA does not include endotoxins of bacterial origin. Recently, gene-synthesis technology with the elimination of sequence errors-as carried out using oligonucleotides, thermostable ligase, plural exonucleases, and endonuclease V-has been reported (40) . Although this method may provide great advantages in the chemical synthesis of genes, it has limitations originating from the use of PCR. MPRCA combined with RNA primers may overcome this 
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Circular DNA amplification by MPRCA using RNA primers could greatly improve DNA cloning techniques that are restricted by the limitations of PCR (encountered with highly repetitious or large sequences) or by the host cell being used (encountered with unstable or toxic sequences in host cells) (3, 5, 6) .
